We investigated the associations between the DRD2/ANKK1 genotype (rs1800497, C > T) and both physical activity (PA) level and exercise habit. A total of 648 Japanese men and women aged 26 -82 years were included in this cross-sectional study. The PA level was evaluated using a triaxial accelerometer. Exercise habits in the past year and in the period from childhood to adolescence were assessed using a questionnaire. There were no significant differences in PA level or exercise habit in the past year among the DRD2/ANKK1 genotypes. On the other hand, there was a significant association between the DRD2/ANKK1 genotype and exercise habit in the period from childhood to adolescence. Regular exercisers (Ex) showed a lower proportion of the CC genotype than non-exercisers (Non-Ex) (P < 0.05). Logistic regression analysis for exercise habit in the period from childhood to adolescence, controlling for gender and age in an additive genetic model, indicated significant associations with increased likelihood of exercisers (Ex) carrying the T allele, OR = 1.38 (95% CI: 1.06 -1.80, P < 0.05). In conclusion, it was suggested that the DRD2/ANKK1 genotype is associated with exercise habit in the period from childhood to adolescence, but not current PA and exercise habit in the past year.
Introduction
Physical activity (PA) has been reported to be associated with reductions in the risk of all-cause mortality 1) and in the prevalence rates of cardiovascular disease 2) and stroke 3) . In a study in which PA was distinguished according to domains composed of occupation, housework, commuting, and exercise, all domain-specific physical activities were associated with reduced all-cause mortality 4) . Moreover, WHO has reported that physical inactivity is the 4th risk factor of non-communicable diseases 5) . However, despite the well-known health benefits of PA or exercise, it is apparent that a large proportion of the general population may not be sufficiently active to derive these benefits.
Recent studies have suggested that PA level or exercise behavior, including habitual exercise or participation in sports, is influenced by genetic, as well as social, environmental, and psychological factors [6] [7] [8] [9] . Stubbe et al. reported that the estimated heritability of exercise participation in 37,051 twin pairs from seven countries was 62%, and ranged from 48% to 71% 8) . In addition, it has been reported that genetic factors peaked in their contribution to exercise behavior around ages 19-20 at about 80% 10) . To explore the genetic factors related to PA level or exercise behavior, several candidate genes, including the melanocortin-4 receptor gene [11] [12] [13] , the leptin receptor gene 14, 15) , and the dopamine receptor gene [16] [17] [18] [19] , have been examined, and a genome-wide association study for exercise behavior was also conducted 20) . However, it is still not clear which gene(s) or genotype(s) are responsible for individual differences in PA level or exercise behavior. Identifying the genetic factors associated with PA and exercise behavior would help elucidate the underlying mechanisms associated with the induction of this behavior; thus, it would help us provide an appropriate approach for people to be physically active. In addition, screening of genetic factors related to PA and exercise behavior can lead to identification of people who are at risk of being inactive. Dopamine (DA) is a neurotransmitter involved in many physiological and psychological pathways, including motor activity, cognition, reward, and motivation 21, 22) . Sev-*Correspondence: haruka-m@nih.go.jp eral studies in rodents have suggested that the dopamine signal system may be associated with voluntary PA [23] [24] [25] . In humans, several studies have shown an association between DRD2 gene polymorphisms and PA level over the past year (vs. rs6275) 17) and 24-h resting energy expenditure (vs. rs1801028) 18) . The DRD2/ANKK1 TaqIA polymorphism (rs1800497, C > T) in the ANKK1 (ankyrin repeat and protein kinase domain-containing protein 1) gene is located 10 kb downstream from the DRD2 gene 26) . Its polymorphism was shown to be associated with diminished DRD2 receptor density in the healthy human brain 27, 28) . Thus, this polymorphism may be associated with individual differences in voluntary PA or exercise behavior.
We hypothesized that the DRD2/ANKK1 polymorphism (rs1800497) is responsible for individual differences in PA level or exercise habit. And also, because the heritability factor of exercise behavior is highest at about 80% around ages 19-20 10) , the relationship may be detected especially in this period. This cross-sectional study was performed to investigate the relationships between the rs1800497 polymorphism and current PA level and exercise habit in the past year and in the period from childhood to adolescence in healthy Japanese adults.
Methods

Subjects.
The subjects were recruited from a Nutrition and EXercise Intervention Study (NEXIS) registered on ClinicalTrials.gov (Identifier: NCT00926744). A total of 801 subjects living in the Tokyo metropolitan area participated in this cross-sectional study. Subjects with stroke, cardiac disease, or chronic renal failure (n = 27), difficulty with ambulation due to knee or back pain (n = 52), or lack of data on PA and exercise habit (n = 92) were excluded from the study. Finally, 648 Japanese men and women aged 26 -82 years were included in this study. The study was conducted according to appropriate guidelines and all procedures were reviewed and approved by the Ethics Review Board of the National Institute of Health and Nutrition (kenei2-03). Written informed consent was obtained from all subjects.
Anthropometry and biochemical measures. Height and weight were measured, and body mass index (BMI, kg/ m 2 ) was calculated. Body fat percentage was determined by dual-energy X-ray absorptiometry (Hologic QDR-4500; Hologic, Waltham, MA). Blood pressure was measured with form PWV/ABI (Omron Corlin, Tokyo, Japan) under quiet resting conditions in the supine position. Venous blood withdrawn from the antecubital vein was collected into tubes without additives or with EDTA, and immediately centrifuged at 3000 rpm for 20 min to obtain serum or plasma, respectively. Glucose and HbA1c in the plasma and HDL-cholesterol (HDL-C) and triglyceride (TG) in the serum were determined. All measurements were performed after an overnight fast of at least 10 hours.
Assessment of daily physical activity (PA) level and exercise habit. The PA level was evaluated using a triaxial accelerometer (Actimarker EW4800; Panasonic Electric Works, Osaka, Japan), which has been shown to be a valid method for determining the total energy expenditure or energy expenditure associated with PA based on a comparison with double-labeled water 29) . The subjects were asked to wear the accelerometer on their waist during waking hours for 4 weeks. The metabolic equivalent (MET) intensity levels of PA were calculated as described previously 29) . The average daily step count (steps/day) and total amount of PA over 3 METs (moderate to vigorous PA: MVPA) (METs·h/day), the daily time spent in PA of each intensity (light, moderate, vigorous) were calculated using data from at least 2 weeks, excluding days that subjects did not wear the accelerometer. Moreover, subjects were separated into two groups according to the median of each PA variable for each gender and decade of age.
Exercise habits in the past year and in the period from childhood to adolescence were assessed using a questionnaire. Subjects were asked whether they had engaged in habitual exercise in the past year, that was defined as behavior continued for a year at least twice a week for more than 30 minutes per day at an intensity comparable to light sweating. They were classified as exercisers (Ex) if they answered "yes" and as non-exercisers (Non-Ex) if they answered "no." Habitual exercise in the period from childhood to adolescence (6 -21 years old, from the elementary school to the university) was defined as having ever exercised regularly at least twice a week for more than 30 minutes per day. Subjects were classified as exercisers (Ex) if they answered "yes" and as non-exercisers (Non-Ex) if they answered "no."
Genotyping of the DRD2/ANKK1 gene. Genomic DNA was extracted from the plasma buffy coats using a QIAamp DNA Blood Maxi Kit (Qiagen, Tokyo, Japan). The DRD2/ ANKK1 genotype (rs1800497) was determined by TaqMan SNP genotyping assay (assay ID C___7486676_10; Applied Biosystems, Foster City, CA) using a StepOnePlus™ Real-Time PCR System (Applied Biosystems). PCR was performed according to the manufacturer's directions. Genotype calls were analyzed using StepOnePlus™ Software v2.1 (Applied Biosystems). The call rate for genotyping was 100%. In a preliminary study, we examined the precision of genotyping by the TaqMan method, and the concordance rate between two samples obtained on different days from 290 subjects was 100% (data not shown).
Statistical analyses. Data were expressed as means ± standard deviation (SD). The t test was used to compare the variables between men and women, and one-way ANOVA and ANCOVA adjusted for age and gender were used to compare the variables among genotype groups. Pearson's correlation coefficients (r) were calculated to evaluate the associations between PA level and age. The chi-squared test was used to assess Hardy-Weinberg equilibrium, to determine the genotype distribution according to gender or PA category, or to determine the proportion of exercisers according to decade of age. Logistic regression analysis adjusted age and gender was used to calculate the effect size on the variables using an additive genetic model (T allele = 0 or 1 or 2). In all analyses, P < 0.05 was taken to indicate statistical significance. The P-values were also corrected for multiple testing by the Bonferroni method in which the P value 0.05 was divided by the number of statistical comparisons. All statistical analyses were performed with SPSS for Windows, version 20.0 (SPSS Japan Inc., Tokyo, Japan).
Results
No significant differences were observed in the allele frequency and exercise habit between the subjects included in the analysis (n = 648) and those excluded from the analysis (n = 153). However, daily physical activity of the excluded subjects was lower than that of the included subjects because the average age of the excluded subjects was lower than that of the included subjects (62 years old vs 52 years old, P < 0.05). The physical characteristics and PA variables in subjects who were included in the analysis are shown in Table 1 . Women were significantly older and had lower BMI, blood pressure, fasting blood glucose, and TG, and higher % fat and HDL-cholesterol than men (P < 0.05, Table 1 ). Men had significantly higher daily step counts than women (P < 0.05, Table 1 ). There were no differences in the amount of MVPA between men and women ( Table 1 ). The amounts of MVPA and step counts were negatively associated with age (r = -0.16 and r = -0.12, respectively, P < 0.05). The proportion of exercisers in the period of childhood to adolescence in men was greater than those in women (P < 0.05, Table 1 ). In both the past year and the period from childhood to adolescence, the proportion of exercisers was significantly different according to decade of age (P < 0.05).
With regard to the past year, the proportion of exercisers was significantly higher among those in their 60s (60%) and 70s (76%) than in other decades (average: 42%), while in the period from childhood to adolescence, the proportion of exercisers was significantly lower among those in their 60s (48%) and 70s (59%) compared to the other decades (average: 78%) (P < 0.05).
The distribution of DRD2/ANKK1 genotype was CC 41.0%, CT 45.2%, and TT 13.7% (C allele 64%, T allele 36%). This genotype distribution was similar to JPT (Japanese in Tokyo, Japan) data on the International HapMap Project, which shows a genotype frequency of 33.0% CC, 50.9% CT, and 16.1% CT (P > 0.05). The allelic distribution was consistent with the Hardy-Weinberg equilibrium (P > 0.05).
There were no differences in age, gender distribution, height, weight, BMI, %fat, or risk factors among DRD2/ ANKK1 genotypes (Table 2) . Moreover, there were no significant differences in any PA values assessed by accelerometry among DRD2/ANKK1 genotypes ( Table 2) . There were no associations between DRD2/ANKK1 genotype and binary groups separated according to the median of each PA variable in each gender and age. With regard to exercise habit, there were no significant associations between DRD2/ANKK1 genotype and exercise habit in the past year (exercisers 42.9% CC, 44.2% CT, 12.9% TT; non-exercisers 39.3% CC, 46.2% CT, 14.5% TT, P > 0.05). On the other hand, there were significant associations between DRD2/ANKK1 genotype and exercise habit in the period from childhood to adolescence. Regular exercisers showed a lower proportion of the CC genotype than non-exercisers (P < 0.05, Fig. 1 ). However, after multiple testing correction, the significance of this relation disappeared. Because of the presence of different proportions of exercisers in each decade of age group, we recategorized subjects into two groups of those less than 60 years old and those over 60 years old, and then separately To assess the effect size of the T allele in all subjects, we performed logistic regression analysis of exercise habit in the period from childhood to adolescence controlling for gender and age in an additive genetic model. The T allele was associated with increased likelihood of habitual exerciser in the period from childhood to adolescence (OR = 1.38) (95% CI: 1.06 -1.80, P < 0.05, Table 3 ).
Discussion
We investigated the relationships between DRD2/ ANKK1 genotype (rs1800497, C > T) and PA level or exercise habit in healthy Japanese adults. Although the DRD2/ANKK1 genotype was not associated with current PA level assessed using a triaxial accelerometer or exercise habit in the past year, it was associated with exercise habit in the period from childhood to adolescence, with a 1.38- Fig. 1 Distribution of DRD2/ANKK1 genotype in exercisers (Ex) and non-exercisers (Non-Ex) in the period from childhood to adolescence. The difference between the two groups was significant (chi-squared test, P < 0.05) in all subjects. a: all subjects, b: men, c: women. [23] [24] [25] and in high wheel running mice which showed an increase of 20% in DRD2 gene expression in the brain 33) , the change in dopamine signal in the brain provided by a deficit or decrease of DRD2 may influence the spontaneous or voluntary PA level. In addition, studies using rodents have shown that overexpression of Drd2 in the striatum was associated with motivation 34, 35) . In humans, the A1 allele (equal T allele) of DRD2/ANKK1 TaqIA polymorphism was shown to be associated with low dopamine receptor density in brain in vivo 27, 28) . Therefore, the A1 allele carrier (T allele carrier) may influence the concentration of dopamine in the brain, and then influence exercise habit via motivation. This result suggests that interventions focused on generating motivation may be effective in increasing physical activity and improving exercise behavior. Further studies are needed to clarify the mechanisms underlying the association between this genotype and exercise habit, because dopamine and its receptors have various functions depending on the environment or region in the brain.
The present study had some limitations. First, when we corrected the P-values for multiple testing, the significance disappeared. Therefore, the results of the present study must be interpreted with caution. Second, we did not examine the other polymorphisms in DRD2 or other genes. Further studies are needed to investigate other candidate genes because many genes are likely to be involved in PA level or exercise habit. Finally, PA level and exercise habit are influenced by environmental (urban or rural areas) or social factors, and further studies should assess these factors simultaneously and investigate their interactions to arrive at a generalization.
In conclusion, it was suggested that the DRD2/ANKK1 genotype is associated with exercise habit in the period from childhood to adolescence, but not current PA and exercise habit in the past year.
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fold greater probability of exercisers carrying the T allele.
Several studies have investigated the relationships between polymorphisms of genes related to the dopamine system and PA level or exercise behavior. It has been reported that there were no significant associations between DRD2/ANKK1 TaqIA polymorphism (rs1800497) and current PA level 30, 31) or current exercise habit 19) . These results, derived from a subjective assessment of PA only in youth or post-menopausal women using a questionnaire, were consistent with those of the present study wherein an objective questionnaire was used for PA assessment. With regard to other SNPs in the DRD2 gene, two other studies showed no relationship between the DRD2 C313T genotype (rs6275) and current PA assessed by a questionnaire 16, 17) . However, Simonen et al. 17) reported that the TT genotype (C313T, rs6275) was associated with lower time spent in exercise or sports index in the past year than other genotypes. Although the C313T genotype (rs6275) differed from the locus investigated in the present study, it was confirmed that the T allele at re1800497 is most often on the same haplotype as the C allele at rs6275 in the HapMap, where D' = 0.945 and r 2 = 0.741. Thus, the T allele at rs1800497, which was shown to be associated with a higher proportion of exercisers in our results, has strong linkage disequilibrium with the C allele at rs6275, which showed higher time spent in exercise or sports index in the study by Simonen et al. However, the periods investigated in the two studies were different. Moreover, in the present study, we found a significant association between genotype and exercise habit in childhood and adolescence, but not in the past year. These inconsistencies may have been due to the ages of the subjects in the two studies (average age: 33.6 -41.2 in the study by Simonen et al. 17) and 52.6 in the present study), because heritability of exercise behavior across the life span was shown to reach a peak at around the ages of 19 -20 years old 10) . A genetic influence of exercise behavior may be easily detected during the younger period. On the other hand, a previous study, that examined associations between PA level and 630 SNPs in genes related to the dopamine, serotonin, opioid, and cannabinoid pathways, showed that several SNPs were associated with PA 31) . Many polymorphisms are related to complex traits, such as exercise behavior or PA level, and the environment surrounding individuals also affects them. In the present study, we analyzed the association between genotype and PA or exercise habit with respect to age and gender, separately. However, we could not draw a conclusion on the effect of age or gender difference on the association between genotype and PA or exercise habit because of the less statistical power of the study. However, previous studies have reported that there exist age-and gender-related differences in DRD2 availability in the human brain 32) . The significant association of exercise habit in the period from childhood to adolescence, but not in the past year, could be explained by these differences, implying differences in the contribution
